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Axial flow impellers, like pitched blade impellers, are being increasingly used for gas-liquid 
systems in stirred vessels. In this work we have used particle image velocimetry (PIV) and 
computational fluid dynamics (CFD) models to investigate gas-liquid flow generated by a 
down-flow pitched blade turbine. PIV measurements were carried out in a fully baffled 
stirred vessel (of 0.19 m diameter) with a dished bottom. Angle resolved measurements of the 
flow field with and without gas dispersion were carried out. An attempt was made to capture 
key details of the trailing vortex, the accumulation f gas and the flow around the impeller 
blades. A two-fluid model along with the standard k-ε turbulence model was used to simulate 
dispersed gas-liquid flow in stirred vessel. The computational snapshot approach was used to 
simulate impeller rotation and was implemented in the commercial CFD code, FLUENT4.5 
(of Fluent. Inc., USA). The model predictions were v rified by comparison with the PIV 
measurements and other available experimental data.The computational model and results 
discussed in this work are useful for better understanding and simulating of gas-liquid flow 




















Reactions between gas and liquid phases are commonly carried out in chemical and allied 
industries. Stirred vessels are widely used to carry out these reactions because they offer 
unmatched flexibility and control to tailor the fluid dynamics. To derive the benefits of the 
variety of mixing conditions offered by stirred vess ls, it is essential to establish a 
relationship between process performance and fluid dynamics, on one hand, and hardware 
configuration and operating conditions with fluid dynamics, on the other hand. Impellers of 
various different shapes may be used in practice to achieve better flow conditions in the 
vessel and are therefore considered as one of the most i portant factors influencing process 
performance. 
 
In gas-liquid stirred vessels, radial flow impellers are more widely used than axial flow 
impellers. These radial impellers generally offer a high shear to flow ratio. This high shear 
helps disperse the sparged gas into smaller gas bubbles, which leads to an increased 
interfacial area between the gas and the liquid. In ma y gas dispersion applications, the bulk 
flow generated by impeller may be just as important s the shear developed by impeller. 
Sufficient bulk flow is crucial for the circulation and distribution of gas bubbles throughout 
the entire vessel. For a given power dissipation, the radial impellers, like the Rushton turbine, 
provide lower bulk fluid velocity than axial impellrs. Axial impellers, like pitched blade 
turbines, have a good balance of shear and bulk flow generation, and therefore are being 
increasingly used for gas-liquid applications in stirred vessels. Pitched blade turbines may be 
operated in up- as well as down-pumping mode. Bujalski et al.1 have reported that up-
pumping mode is better than down-pumping mode. However, many think this to be 
paradoxical since intuitively down-pumping mode appears to be more beneficial than the up-
pumping mode for dispersing gas. Computational models may make useful contributions to 
understand the gas dispersion capabilities of axial impellers and interaction of pumping mode 
on other variables like scale of operation and prevailing flow regime. In this work, we have 
studied the flow generated by a 6-bladed pitched-bla e turbine (blade angle = 45o) operating 
in the down-pumping mode. Such configurations are especially useful for gas-liquid and gas-
liquid-solid systems.2 The scope of this work, however, is restricted to study the gas-liquid 
flow generated by pitched blade turbine operating in a down-pumping mode. 
 
Previous workers have studied the global parameters, such as total gas hold-up and flow 
regime transition in an aerated stirred vessel equipped with a down-pumping pitched blade 
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turbine.1,3,4 Although reasonable information required for the design and operability of stirred 
vessels is given, these studies did not provide any local information. The local information on 
gas volume fractions and flow fields is crucial for many gas-liquid applications. Several 
experimental techniques, like laser Doppler anemometer (LDA) or PIV, can be used to obtain 
such local information in stirred tanks.5-10 LDA is essentially a single point measurement 
technique providing time-averaged measurements, whereas PIV gives instantaneous whole 
field information. For a better understanding of gas accumulation behind the impeller blades 
and the gas-liquid flow generated by impellers, it is essential to characterize flow field around 
the impeller blades. The instantaneous whole field nature of PIV measurements provides a 
convenient way to characterize the trailing vortices and the flow field around impeller blades. 
Recently PIV measurements and computational models w re used to characterize gas-liquid 
flows around impeller blades in stirred vessels equipped with a Rushton turbine.9,11 In this 
work, we report angle resolved PIV measurements of gas-liquid flow generated by a down- 
flow pitched blade turbine in a fully baffled vessel. 
 
It is essential to develop and to validate computation l models to simulate flow in stirred 
vessels for their subsequent use for design and process improvement. CFD has already shown 
to be successful in simulating single-phase flow generated by impeller(s) of various shapes in 
complex vessels.12 Gas-liquid flows in stirred tanks, however, exhibit increased complexity 
making simulation by CFD a much more difficult task. Despite such complexities, several 
attempts have been made in recent years to develop com utational models of gas-liquid flows 
in stirred vessels.9, 13-21 Generally, the results of these studies show some degree of success 
for the prediction of gas hold-up and distribution n stirred vessels. In addition, Khopkar and 
Ranade21 were able to capture the different flow regimes of gas-liquid flow generated by a 
Rushton turbine. It is interesting to note that all of the above studies were restricted to the 
flow generated by radial flow impellers. Recently, Ranade et al.22 have made some 
preliminary attempts to simulate gas-liquid flow generated by pitched blade turbines. 
However, they did not report quantitative comparisons with experimental data. In the present 
work, we have extended approach of Khopkar and Ranade21 for simulating gas-liquid flow 
generated by a down-flow pitched blade turbine. 
 
In this study, turbulent dispersed two-phase flow has been simulated using a two-fluid model 
with the standard k-ε turbulence model. The computational snapshot approach12 was used to 
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simulate impeller rotation. PIV measurements were carried out in order to understand the 
flow around the impeller blades for single phase, as well as for gas-liquid flow. The model 
predictions were evaluated by comparison with the measured and reported experimental data. 
The details of the experimental method and the computational model, as well as the results 
obtained are discussed in following sections. 
 
2. Experimental Apparatus and Method 
PIV measurements of instantaneous radial and axial liquid velocity components were carried 
out in a dished bottom fully baffled cylindrical vessel (of diameter, T = 0.19 m, height, H = 
0.19 m, Rc = 0.19 m). Four baffles of width T/10 were mounted perpendicular to the vessel 
wall. The shaft of the impeller (ds = 0.008m) was concentric with the axis of vessel and
extended to the bottom of the vessel. A 6-blade pitched blade turbine (of diameter, Di = T/2 
and impeller blade width, W = Di/5) operating in the down-pumping mode was used during 
the PIV measurements. The impeller off-bottom clearance was (C = T/3) measured from the 
bottom of vessel to the lowest horizontal plane swept by the impeller. The rotational speed of 
the impeller was set to 300 rpm, which is equivalent to an impeller Reynolds number (Re) of 
45000. Gas was introduced into the vessel through a ring sparger of diameter 0.076m. 
Experiments were carried out for two volumetric gasflow rates corresponding to a gas flow 
numbers of 0.01 (0.5vvm) and 0.001 (0.07 vvm). 
 
Inherent limitations of particle image velocimetry (PIV) technique imposed some constraints 
on gas flow rates used in the present experiments. The accuracy of PIV system is dependant 
on the overall gas holdup value.23,24 Deen et al.24 concluded that to obtain an accuracy of 
90%, one has to keep the total gas holdup value less than 5 %. This limitation of PIV system 
compelled us to use maximum gas flow number of 0.01 (with overall gas hold up of about 
4%). Even for low gas flow number like 0.01, it was difficult to obtain accurate 
measurements near impeller blades. The high gas holdup behind impeller blades observed 
with gas flow number of 0.01 significantly reduces the accuracy of PIV measurements. 
Therefore, the gas flow number was further reduced to 0.001 to enable measurements of flow 
field around impeller blades. Despite these limitations on gas flow rates, the present PIV 
measurements provide valuable whole field information including trailing vortices. 
Considering the role of trailing vortices on gas accumulation behind impeller blades and 
subsequently in reduction in pumping capacity and power dissipation of impeller, the data 
presented in this work was found to be useful and adequate for evaluating the CFD model. 
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The PIV measurements were taken using a double-pulsd 30mJ:Mini YAG laser (Dantec 
Measurement Technology) having a variable frequency between 1 and 20Hz and a 
wavelength of 532nm (green). A CCD camera (Kodak Mega Plus ES 1.0) with a resolution of 
1008×1018 pixels2 was used to record simultaneous images of the flow. The thickness of 
laser sheet used was 1 mm. An encoder, mounted on the impeller shaft, enabled 
synchronization of the image acquisition with the blade passage. The liquid was seeded using 
30µm hollow glass particles with fluorescent rhodamine (Dantec Measurement Technology) 
implanted on the surface. The seeding (particle) density is one of the most important 
operational parameters and is one of the most common factors responsible for erroneous 
vectors. If the seeding density is too low, then there are not a sufficient number of particles 
available to statistically represent the flow, which results in a poor correlation calculation. In 
present work the amount of seeding introduced into the vessel was adjusted so that there were 
between 5 and 10 particles per interrogation area, as suggested by Escudié.25 These particles 
scatter light at a wavelength of 575nm which is greater than the wavelength of light scattered 
by air bubbles, 550nm. A filter was fitted to the camera, which enabled only light with a 
wavelength greater than 550nm to be captured. A schematic diagram of the experimental set-
up is shown in Figure 1.  
 
A PIV 2000 processor (Dantec Measurement Technology) and the commercial software 
package Flow Manager 3.40 (Dantec Measurement Technology) enabled synchronization of 
the camera and laser. In the present work, images were acquired at 15Hz with an exposure 
time delay of 130µs. The exposure time delay defines the instant of time hat separates the 
two successive images. The choice of this parameter d pends strongly on the nature of flow. 
In case of turbulent flow in a stirred vessel, the liquid motion has a strong tangential 
component and thus significant three-dimensional flow. For the measurement of radial-axial 
particle displacement, the two successive images mut be separated by a small ∆t such that 
the seeding particles do not move out of the plane of the two-dimensional interrogation area 
via tangential motion. Processing was then carried out using the software such that each 
image was divided up into interrogation areas of 32×32 pixels2 (0.95×0.95 mm2) with 50% 
overlap. A cross-correlation function in each area was then calculated using fast Fourier 
transforms (FFT) in order to determine the corresponding spatially averaged displacement 
vector. Before calculating the ensemble-averaged radial- xial velocity field for each impeller 
position, every vector in each instantaneous velocity field was validated using two different 
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criteria. The first criterion assumed that a vector was valid only if the signal to noise (SNR) 
ratio (the ratio of the primary correlation peak to the second largest peak) was greater than 
1.2. The average particle displacement is then determin d from the correlation peak. This 
threshold has been previously applied and validated in stirred tank applications.25 The second 
criterion enabled the elimination of vectors that hve un-physically large values with respect 
to the system. In the present study, a vector was validated only if its value was smaller than 
the tip velocity of the impeller (Utip= 1.5 m/s). The mean velocity vector field was calculated 
from instantaneous data points by using ensemble averaging. The instantaneous data 
population must be sufficient for such averaging. In present study ensemble-averaged 
velocity fields were calculated using the valid vectors of 1000 instantaneous fields without 
gas and 1400 instantaneous fields with gas. Any non-valid vectors were not taken into 
account in this averaging.  The flow pattern was measured at six angles with respect to the 
blade -10°, 0°, 10°, 20°, 30°, 40°. 
 
3. Mathematical Modeling 
3.1 Transport equations 
For simulating gas-liquid flow in a stirred vessel, a two-fluid model based on the Eulerian - 
Eulerian approach was used in this work. The mass and momentum balance equations for 
each phase may be written as: 
 
(1) 






where Uqi is the velocity of phase q in the i direction and Fqi represents the inter-phase 
momentum exchange terms.  
 
For most of the operating conditions, gas-liquid flow in stirred vessel is turbulent and 
therefore the balance equations listed above (Equation 1 & 2) need to be time averaged.  In 
the present work, the conventional Reynolds averaging procedure has been used. For more 
details of time averaged two-phase balance equations, the reader is referred to Ranade12. It 























































































may be noted that, while writing the time averaged mass balance, turbulent dispersion of 
dispersed phase was not considered. The numerical study of Lane et al.19 indicated that the 
turbulent dispersion terms were significant only in the impeller discharge stream. Our 
preliminary simulations confirmed this observation. Even near the impeller, the influence of 
dispersion terms on predicted results was not quantitatively significant (difference was less 
than 5%). Therefore, turbulent dispersion of dispered phase was not considered while 
formulating time averaged Equation (1). 
 
The standard k-ε model was employed to simulate turbulence. The governing equations for 
the turbulent kinetic energy, k and turbulent energy dissipation rate, ε, were solved only for 






where G is turbulence generation rate and µt is turbulent viscosity:                                                        
(5)       
    
 
Following the general practice, the standard values of the k-ε model parameters were used in 
the present simulations. 
 
The interphase momentum exchange term consists of four different interphase forces: the 
Basset force, the virtual mass force, the lift force and the interphase drag force. In most cases, 
the magnitude of the Basset force is much smaller than that of the interphase drag force. In 
the bulk region of the vessel, the velocity gradients are not large. Near the impeller, pressure 
gradients and interphase drag forces mainly dominate the motion of the bubbles. An order of 
magnitude analysis indicates that the magnitude of the lift force is much smaller than the 
interphase drag force. Recent numerical experiments reported by Khopkar and Ranade21 
indicate that the effect of the virtual mass force is not significant in the bulk region of stirred 
vessel. Considering these results, only the inter-phase drag force was retained in the inter-
phase momentum exchange terms in the present study.  


































































































The inter-phase drag force exerted on phase 2 in the i direction is given by:  
 
    (6) 
 
In gas-liquid stirred vessels the interphase drag coefficient, CD, is a complex function of the 
drag coefficient in a stagnant liquid, the gas holdup and prevailing turbulence. Recently, 
Khopkar and Ranade21 studied the effect of turbulence on the drag coeffici nt (slip velocity). 
Based on a comparison of the predicted gas volume fraction distribution with the 
experimental data, they have recommended a turbulence correction factor proposed by 
Brucato et al.26 but with a lower value of the correlation constant. Following this, we have 
used the following correlation (Equation 7) for calculation of the drag coefficient:  
 
 
       (7) 
 
 
Where, λ is the Kolmogorov length scale, db is the bubble diameter and K is an empirical 
constant, which was set to 6.5×10-06. Equation (7) thus accounts for the increased drag 
coefficient due to turbulence.  
 
The gas-liquid flow in the stirred vessel was simulated using the computational snapshot 
approach. In this approach, the impeller blades are considered as fixed at one particular 
position (similar to taking a snapshot of the rotating impeller) with respect to the baffles. 
Recently Ranade12 discussed the development of the snapshot approach in detail and 
therefore it is not repeated here. The flow is simulated for a specific blade position with 
respect to the baffles. The results obtained with a specific snapshot position were not found to 
be significantly different from the ensemble averag of a number of snapshots.16 The 
computational snapshot approach was implemented in the commercial CFD code FLUENT 































































3.2 Solution domain and boundary conditions 
Considering the symmetry of geometry, half of the vessel was considered as a solution 
domain (see Figure 2). The baffles were considered at angles of 45o and 135o. The impeller 
was positioned in such a way that three blades were located at angles of 30o, 90o and 150o 
(measured from centre line of impeller blade). As discussed by Ranade12, the computational 
snapshot approach divides the solution domain into a  inner region, in which time derivative 
terms are approximated using spatial derivatives and an outer region, in which time derivative 
terms are neglected. The boundary between the innerand outer regions needs to be selected 
in such a way that the predicted results are not sensitive to its actual location. In the present 
work, for all simulations, the boundary of the inner r gion was positioned at r = 0.065 m and 
0.05 m ≤ z ≤ 0.15 m (where z is the axial distance from the bottom of the vessel). 
 
In the snapshot approach, the sparger is modeled as solid wall. The mass source of the gas 
phase was specified one cell above the sparger to simulate gas introduction into the vessel.  
Special boundary conditions are needed to simulate g s-liquid interface at the top through 
which bubbles escape the solution domain. Recently Ranade12 has discussed different 
possible approaches to treat gas-liquid interface in detail. We have modelled the top surface 
of the dispersion as velocity inlet. The outgoing (axial) velocity of gas bubbles was set equal 
to the terminal rise velocity of gas bubbles (estima ed as 0.2 m/s for air bubbles). All the 
other velocity components for gas and liquid phase were set to zero). Implicit assumption 
here is that gas bubbles escape the dispersion with terminal rise velocity. Since the liquid 
velocity near the top gas-liquid interface is small and the overall volume fraction of gas is 
also small (< 5%), this assumption is reasonable. It should be noted that even after defining 
top surface as an inlet, gas volume fraction at the top surface is a free variable. The mass and 
momentum conservation equations for the gas phase wer solved and the gas distribution 
within the vessel was predicted. The mass conservation was verified by comparing the 
integral gas mass flow rate across various horizontal planes with the input gas mass flow rate 
at the sparger.  
 
In a gas-liquid stirred vessel, there is a wide distribution of bubble sizes. The prevailing 
bubble size distribution in a gas-liquid stirred vess l is controlled by several parameters like 
vessel configuration, impeller speed and gas flow rate. It is possible to develop a detailed 
multi-fluid computational model using population balance framework to account for bubble 
 11 
size distribution. We have developed, applied and validated such models for gas-liquid flow 
in bubble columns.27 However, use of multi-fluid models based on population balances 
increases the computational demands by manifolds. Unfortunately available experimental 
data of bubble size distribution in stirred vessel i  not adequate to calculate the parameters 
appearing in coalescence and break-up kernels. Fortunately, for the air-water system (which 
was considered in the present work), bubble slip velocity is not a strong function of bubble 
size. Considering these issues, in the present work, a single bubble size was specified (4 mm) 
for all simulations. Fluid properties were set to th se of water and air for the primary and 
secondary phases, respectively. 
 
A commercial grid-generation tool, GAMBIT 2.0 (of Fluent Inc., USA) was used to model 
the geometry and to generate the body-fitted grids. It is very important to use an adequate 
number of computational cells while numerically solving the governing equations over the 
solution domain. The prediction of turbulence quantities is especially sensitive to the number 
of grid nodes and grid distribution within the solution domain. Our previous work28 as well as 
other published work29,30 gives adequate information on the influence of the grid on the 
predicted results. It was demonstrated that, in order to capture the details of flow near 
impeller, it is necessary to use at least 200 grid no es to resolve the blade surface. Based on 
previous experience and some preliminary numerical experiments, the numerical simulations 
for the gas-liquid flows in stirred vessels were carried out for grid size of (r × θ × z: 46 × 96 × 
72). In the present work, we have used (r × θ × z: 21 × 2 × 10) grid nodes covering the 
impeller blade. The boundary of the inner region was positioned at j ≤ 35 and 19 ≤ k ≤ 60 
(where j is the cell number in the radial direction from the shaft and k is the cell number in 
the axial direction from the bottom of the vessel). The computational grid used in the present 
work is shown in Figure 2. Differencing of the advection terms has been carried out using the 
QUICK discretization scheme with the SUPERBEE limiter function (to avoid non-physical 
oscillations). Standard wall functions were used to specify wall boundary conditions. 
Different criteria like reduction of the residuals, gas mass flow rate through various 
horizontal planes and variation of overall gas hold-up and energy dissipation rates were used 
to ensure adequate convergence. The experimental as well as the computational results are 




4. Results and Discussion  
4.1 Single phase flow 
The flow generated by the pitched blade turbine in a stirred vessel operating in the down-
pumping mode was simulated for an impeller rotational speed of 300 rpm. Without using any 
impeller boundary conditions, the snapshot approach was able to simulate the flow generated 
by the impeller. The comparison of the predicted velocity field and experimental PIV data 
(reported by Aubin et al.31) at mid-baffle position is shown in Figure 3. A hig  velocity jet 
emanating from the bottom of the impeller and a small reverse loop below the hub, seen in 
the experimental flow field, are captured in the simulations.  
 
Quantitative comparison of the predicted results and the experimental data of Aubin et al.31 
are shown in Figure 4. It can be seen from Figure 4a that the comparison between the 
predicted values of the axial velocity and experimental data is satisfactory, except for a small 
region below the impeller. The measured and predict axial velocity field was used for 










   (8) 
The limits of integration for the radial distance are from the surface of the shaft to the 
impeller radius. The predicted pumping number for the pitched blade turbine (0.71) is in good 
agreement with the reported experimental value of 0.68 (Aubin et al.31). 
 
The values of turbulent kinetic energy are rather overpredicted (Figure 4b), especially in the 
region below the impeller (in the impeller discharge flow stream). Reasons for these 
discrepancies are not obvious. The use of more complex models, like the Reynolds stress 
models, did not show any significant improvement over the standard k-ε model for the case of 
flow generated by the Rushton turbine (see Jenne and Reuss32). The observed discrepancies, 
however, may not be a serious impediment to many reactor-engineering applications. 
Therefore, in the present work, we extended this computational model to study the gas-liquid 
flow generated by the pitched blade turbine operating in down-pumping mode in a stirred 
vessel. However, before we discuss the simulations of gas-liquid flow, it is useful to examine 




Flow near impeller blades  
The down-pumping 6-blade pitched turbine generates  high velocity jet moving downwards. 
An iso-surface of the axial velocity around the impeller blades was used to study the flow 
emanated from the pitched blade turbine. It was observed that the jet emanating from the 
front side is faster than that emanating from the backside of the blade. The jet flowing 
downwards from the front side of the blade appears to interact with the trailing vortex 
attached to the backside of the blade. The movement of the blade generates a high-pressure 
region ahead of the blade leading edge, and a low-pressure region behind the blade. Such a 
pressure difference leads to a trailing vortex behind impeller blades.    
 
A single trailing vortex was detected behind the blades of the pitched blade turbine. An iso-
surface of predicted Z-vorticity (ω) for the pitched blade turbine is shown in Figure 5a. It can 
be seen from Figure 5a that a single trailing vortex is attached to the backside of impeller 
blade and flows downwards as it moves away from the leading impeller blade. To examine 
the flow structure around impeller blades, the predict  mean velocity field and an angle-
resolved experimental data (obtained from PIV measurements) behind impeller blade (10°) is 
shown in Figure 5b. The presence of a trailing vortex and its movement within the impeller 
stream are clearly evident. The comparison of the predicted results with the experimental data 
shows a good agreement (qualitative as well as quantitative). The predicted strength of the 
trailing vortex is found to be somewhat lower than the experimental value, which leads to a 
relatively early dissipation of trailing vortex in the simulation. A quantitative comparison of 
the axial velocity at 20° behind the impeller blade with the experimental data obtained by 
PIV measurements at three different axial locations s shown in Figure 5c. It can be seen from 
Figure 5c that the computational model over-predicts the axial velocity value near the 
impeller blade in the impeller swept region. This may be a consequence of the specific blade 
position considered in the present work. The comparison improves as one moves radially 
away from impeller blade. After establishing that the computational model is reasonably 
successful for single-phase flow, it was extended to simulate the gas-liquid flow in the stirred 
vessel. 
 
4.2 Gas-liquid flow 
Gas-liquid flow generated by the 6-blade down-pumping pitched blade turbine in the stirred 
vessel was simulated first for a flow number of 0.01 [corresponding to a volumetric gas flow 
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rate (Qg) of 4.29×10-5 m3/s and an impeller rotational speed equal to 300 rpm]. Under these 
operating conditions, gas was completely dispersed in the vessel (see Aubin et al.31 for more 
details). The comparison of the predicted liquid velocity field with the experimental PIV data 
(at mid-baffle position) is shown in Figure 6. Similarly to the single-phase flow, the high 
velocity jet emanating from the bottom of the impeller seen in the experimental flow field is 
captured in the simulations. The predicted velocity field shows a reduction in liquid velocity 
magnitudes for case of gas-liquid flow compared with the liquid-only flow.  
 
The quantitative comparisons of predicted values of the liquid phase axial velocity for the 
liquid-only and gas-liquid flow cases with experimental data are shown in Figures 7a and 7b. 
It can be seen from Figures 7a and 7b that the inward shift of the location of the maximum 
axial velocity after aeration was captured by the computational model. Although the 
comparison between the predicted results and the experimental data is not as good as 
observed in the single phase flow case, the computational model captures key features of the 
gas-liquid flow with reasonable accuracy. A quantitative comparison of the predicted kinetic 
energy with the experimental data is shown in Figures 7c and 7d. It can be seen from Figures 
7c and 7d that the computational model over-predicts the values of turbulent kinetic energy. 
It is interesting to note that the predicted values of turbulent kinetic energy for the gas-liquid 
flow are higher than the predicted values for the single-phase flow in some regions. 
 
The predicted influence of gas flow rate on gross characteristics, power and pumping 
numbers are also of interest. The power number was calculated by using predicted results of 




The experimentally measured and predicted values of pumping and power number are listed 
in Table 1. As the gas flow rate increases, impeller pumping as well as power dissipation 
decreases. The CFD model predicts the decrease in power dissipation and pumping capacity 
in presence of gas. 
 
The predicted gas holdup distribution and the mean gas velocity field at the mid-baffle plane 












indirect loading of the impeller. This agrees well with the experimental observations of 
Aubin33 and the previous experimental studies by Bujalski et al.1. The predicted gas holdup 
distribution is shown in Figure 8b. The computational model captures the complete 
dispersion of gas in the stirred vessel. The predict  value of the total gas holdup (4.2%) was 
somewhat higher than the reported experimental value (3.7%).  
 
Flow near impeller blades 
In a gas-liquid stirred vessel, the addition of gasphase affects the performance of the impeller 
and particularly its pumping capacity. Therefore, it is important to study the influence of gas 
on the flow near the impeller blades. Preliminary experiments indicated several difficulties to 
obtain correct PIV measurements for a gas flow number of 0.01. Here, the high gas holdup 
behind the impeller blades significantly reduces the accuracy of the PIV measurements. 
Therefore, PIV measurements were carried out at a lower volumetric gas flow rate, equal to 
4.29×10-6 m3/s with an impeller rotational speed of 300 rpm (Fl = 0.001 and Fr = 0.242). 
Angle resolved liquid velocity fields for the gas-liquid flow were measured at six angles with 
respect to the centre-line of the blade -10°, 0°, 10°, 20°, 30°, 40°. The measured angle-
resolved liquid velocity field behind the impeller blade is shown in Figure 9a. The liquid 
velocity field shows the presence of a single trailing vortex behind the blade. Compared with 
the single-phase flow results (Figure 5b), the strength of the trailing vortex is reduced after 
the introduction of gas. Experimentally, the turbulent kinetic energy is determined using only 
two components of the velocity fluctuations in the r-z plane and was calculated as: 
         ( )22 ''
4
3
UVk +=                                                    (10) 
 
The contours of turbulent kinetic energy are shown in Figure 9b. It can be seen from Figure 
9b that the values of turbulence kinetic energy for the case of gas-liquid flow appear to be 
higher than the values obtained for the single-phase flow (compare contour plots given in 
Figures 9b (i) and (ii)). It must, however, be noted hat a zone of such high turbulent kinetic 
energy lies at or near the interface of the gas cavities. However, the accuracy of the PIV 
technique to make meaningful measurements near the gas-liquid interface has not been 
clearly established. If the small region near the int rface of the gas cavities is neglected, the 
measured turbulent kinetic energy values are almost the same as those obtained for the liquid-
only flow.  
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The predicted velocity fields at three different r-z planes near the impeller blades are shown 
in Figure 10a. The computational model captures the trailing vortex and its movement in the 
impeller region correctly. It also correctly captures the reduction in the strength of the trailing 
vortex after aeration. The predicted contours of gas hold-up at three different r-z planes near 
the impeller blade are shown in Figure 10b. It can be seen that just behind the leading blade 
gas accumulates in the core region of the trailing vortex. The computational model also 
captures the movement of the gas pocket with the trailing vortex. A quantitative comparison 
of the predicted values of axial velocity and the experimental data at 20° behind the impeller 
blade is shown in Figure 11. It can be seen from Figure 11 that the computational model 
over-predicts the axial velocity values. Similarly to the single-phase flow, the comparison 
improves as one moves away from the impeller blade. 
 
Although it was not possible to study experimentally the flow near the impeller blades at a 
higher gas flow rate, the computational model was used to examine the influence of a higher 
gas flow rate on the flow near the impeller blades. The predicted velocity fields at three 
different r-z planes and the gas hold-up distribution near the impeller blades are shown in 
Figure 12 for a gas flow number of 0.01. It can be se n from Figure 12a that the strength of 
the trailing vortex is further reduced at the higher gas flow rate. It is also seen that at this high 
gas flow rate, the trailing vortex gets disrupted. The predicted gas accumulation behind the 
impeller blade is shown in Figure 12b. The contours shown in Figure 12b clearly show the 
accumulation of gas behind the blades in the region of the trailing vortex. This accumulation 
increases with the increase in the gas flow rate and thus, the large gas accumulation behind 
impeller blades is the main reason for the disruption of trailing vortex.  
 
Overall it may be said that computational model developed in the present work captures the 
essential features of the gas-liquid flow generated by a pitched blade turbine. Similar model 
was also shown to predict different flow regimes of gas-liquid flow generated by Rusthon 
turbine.21 To extend these computational models for simulating mass transfer and chemical 
reactions require further work on development and application of multi-fluid models based on 
population balance framework. Such multi-fluid models have been applied for simulating 
gas-liquid flow in bubble columns.27 Unfortunately available experimental data of bubble size 
distribution in stirred vessel is not adequate to calculate the parameters appearing in 
coalescence and break-up kernels. Systematic experimental measurements of bubble size 
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distribution are needed to calibrate the parameters appearing in coalescence and break-up 
kernels. Apart from the uncertainty in parameters of coalescence and break-up kernels, there 
is significant uncertainty in estimation of inter-phase forces on gas bubbles in presence of 
other bubbles and high levels of turbulence prevailing in the vessel. Experimental data on 
bubble slip velocities under conditions similar to th se prevailing in stirred vessels is needed. 
The model and the results presented here would provide a useful basis to use and to interpret 
such experimental data and would allow extension of the computational models to simulate 
industrial gas-liquid systems. 
 
5. Conclusions 
PIV and CFD models were used to study the gas-liquid flow generated by a 6-blade pitched 
blade turbine operating in the down-pumping mode. Angle resolved PIV measurements 
(velocity fields and contours of kinetic energy) clearly show a single trailing vortex behind 
each impeller blade for single phase, as well as ga-liquid flow. The regions of gas 
accumulation were found to retain their coherent structure up to about 20° behind the 
impeller blade. The mean flow and turbulent characteristics were computed by solving the 
time averaged two-fluid model equations with the standard k-ε turbulence model. The gas-
liquid flow in the stirred vessel was simulated fortwo gas flow rates (Fl = 0.01 and Fl = 
0.001). The predicted results were compared with the experimental data for liquid-only, as 
well as for gas-liquid flow cases. The computational model correctly captures the overall 
flow field generated by the pitched blade turbine, including the small reverse loop in the 
lower part of the tank. In addition, it was also found to simulate the overall pumping number 
and the decrease in pumping capacity of impeller with aeration reasonably well. The model, 
however, over-predicts the axial velocities and turbulent kinetic energy near the impeller 
blades. With respect to the gas phase, the computational model was able to capture the 
complete dispersion of gas and the indirect loading of the impeller, although it slightly over 
predicts the total gas volume fraction in the vessel. Overall, the model appears to capture 
most of the key features of the single phase, as well as the gas-liquid flow, including the 
presence of the trailing vortex and the accumulation of gas behind the impeller blades. 
Despite some differences between the predicted results and experimental data, the 
computational model shows promising results. The model and results presented in this paper 
will be useful for applications to industrial gas-liquid stirred vessels. 
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Notation 
B : axial height measured from impeller bottom plane, m 
C : impeller off-bottom clearance, m 
CD : drag coefficient 
CD0 : drag coefficient in stagnant water 
Cω : constant 
db : bubble diameter, m 
Di : impeller diameter, m 
ds : impeller shaft diameter, m 
Eo : Evotos number 
Fq : interphase momentum exchange term 
FD : interphase drag force, N/m
3 
g : acceleration due to gravity, m/s2 
G : turbulence generation rate 
H : vessel height, m 
k : turbulent kinetic energy, m2/s2 
K : constant 
N : impeller rotational speed, rps 
Qg : volumetric gas flow rate, m
3/s 
r : radial coordinate, m 
Rc : curvature of vessel bottom, m 
T : vessel diameter, m 
t : time, s 
U : axial velocity, m/s 
Utip : impeller tip speed, m/s 
V : radial velocity, m/s 
W : impeller blade width, m 
x : position vector, m 
z : axial coordinate, m 
 
Greek symbols 
α : gas volume fraction 
ε : turbulent kinetic energy dissipation rate, m2/s3 
λ : Kolmogorov length scale, m 
ρ : density, Kg/m3 
σε ,k : constants in k-ε turbulence model 
µ : viscosity, Kg/ms 
θ : tangential coordinate 
ω : Z-vorticity, 
 
Dimensionless numbers 
Fl : flow number 
Fr : Froude number 
NQ : pumping number 
Re : impeller Reynolds number 






1 : liquid  
2 : gas 
q : phase number 
t : turbulent 
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Total gas holdup (%) Predicted Results 
Operating 
Conditions 





NQg / NQ 
Predicted, 
NQg / NQ 
Experimental,  
NPg / NP 
Predicted, 
NPg / NP 
Single-phase 
Flow 
- - 1.94 0.71 0.68 1 1 1 1 
 
Fl = 0.001 
& Fr = 0.242 
0.82 - 1.87 0.69 - - 0.98 - 0.96 
 
Fl = 0.01 
& Fr = 0.242 
4.2 3.7 1.59 0.63 0.59 0.87 0.89 0.8 0.82 
 24 
List of Figures 
 
Figure 1: Schematic Diagram of the Experimental Set-up 
 
Figure 2: Computational Grid and Solution Domain 
 
Figure 3: Mean Flow Field at the r-z Plane for Single-phase Flow, N = 300 rpm and  
     Utip = 1.5 m/s 
(a) Experimental: mid-baffle plane (Aubin et al., 2002) 
(b) Predicted: mid-baffle plane 
 
Figure 4: Comparison of Predicted Results and Experimental Data for Single-phase Flow,  
     N = 300 rpm, Utip = 1.5 m/s 
 
Figure 5: Flow Field around the Impeller Blades for Single-phase Flow, N = 300 rpm and  
     Utip = 1.5 m/s 
(a) Iso-surface of the Z-Vorticity (ωDi/Utip = -5) 
(Impeller is moving from right to left) 
(b) Flow Field near the Impeller Blades, N = 300 rpm and Utip = 1.5 m/s 
(i) Experimental Data 
(ii) Predicted Results 
(c) Comparison of the Predicted Axial Velocity with Experimental Data 
(20° behind the impeller blade) 
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Figure 7: Comparison of Predicted Results and Experimental Data for Gas-Liquid Flow, 
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Figure 8: Predicted Gas Flow Field at the r-z Plane for Gas-Liquid Flow, 
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Figure 1: Schematic Diagram of the Experimental Set-up 
1. Laser 5. CCD camera 
2. Optic system 6. Processor 
3. Laser sheet 7. Computer 

















Grid Details  : 
 
r × θ × z  : 46 × 96 × 72 
 
Impeller blade  : 21 < 2 < 10 
      
Inner region  : 19 ≤ k ≤ 60 




(a) Experimental (mid-baffle plane) (b) Predicted (mid-baffle plane) 
 
 
Figure 3: Mean Flow Field at the r-z Plane for Single-phase Flow,  










(a) Axial Velocity (b) Turbulent Kinetic Energy 
 
 




Figure 4: Comparison of Predicted Results and Experimental Data  
for Single-phase Flow, N = 300 rpm, Utip = 1.5 m/s 
 
         Experimental data (Aubin et al., 2002) 
          Predicted results 




  (i) Experimental Data (ii) Predicted Results (a) Iso-surface of Z-Vorticity (ωDi/Utip = -8) 
(Impeller is moving from right to left) (b) 10° behind the Impeller Blade 
Legends:          Experimental data  
          Predicted results 
(c) Comparison of Simulated Axial Velocity with Experimental Data  
(20° behind the Impeller Blade) 
 
Figure 5: Flow Field near the Impeller Blades (single phase flow), N = 300 rpm and Utip = 1.5 m/s
0.35
0.4z*
B/W = 1 
B/W = 0.5 
B/W = 0 
0        0.2 m/s 
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(a) Experimental (mid-baffle plane) (b) Predicted (mid-baffle plane) 
 
 
Figure 6: Mean Liquid Flow Field at the r-z Plane for Gas-Liquid Flow,  











(a) Axial Velocity of liquid, z/T = 0.31 
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Figure 7: Comparison of Predicted Results and Experimental Data for Gas-Liquid Flow,  
Fl = 0.01, Fr = 0.242 and Utip = 1.5 
 
 
 Data of Aubin et al. (2002), L flow  Predicted results, L flow 
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(c) Turbulent Kinetic Energy, z/T = 0.31 
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Figure 7: Comparison of Predicted Results and Experimental Data for Gas-Liquid Flow, 
Fl = 0.01, Fr = 0.242 and Utip = 1.5 
 Data of Aubin et al. (2002), L flow  Predicted results, L flow 

















(a) Predicted Gas Flow Field  
(mid-baffle plane) 
(b) Predicted Gas Holdup  
Distribution (mid-baffle plane)  
 
 
Figure 8: Predicted Gas Flow Field at the r-z Plane for Gas-Liquid Flow,  
Fl = 0.01, Fr = 0.242 and Utip = 1.5 m/s. 





   
(i) 10° behind the impeller blade (ii) 20° behind the impeller blade (iii) 30° behind the impeller blade 
(a) Velocity Field near the Impeller Blades 
 
   
(i) 10° behind the impeller blade 
(liquid-only) 
(ii) 10° behind the impeller blade 
(gas-liquid) 
(iii) 20° behind the impeller blade 
(gas-liquid) 
(b) Turbulent Kinetic Energy near the Impeller Blades 
 
Figure 9: Liquid Flow Field near the Impeller Blades (Experimental results) 














   (i) 10° behind the impeller blade (ii) 20° behind the impeller blade (iii) 30° behind the impeller blade 
(c) Predicted Velocity Field near the Impeller Blades 
 
   (i) 10° behind the impeller blade (ii) 20° behind the impeller blade (iii) 30° behind the impeller blade 
(d) Predicted Gas Accumulation behind the Impeller Blades 
(Blue ≡ 0, Red ≥ 0.03) 
 
Figure 10: Flow Field near the Impeller Blades (Predicted results) 
Fl = 0.001, Fr = 0.242 and Utip = 1.5 m/s. 
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      Figure 11: Comparison of Simulated Axial Velocity of Liquid with Experimental Data 
(20° behind the impeller blade), Fl = 0.001 and Fr = 0.242 and Utip = 1.5 m/s.  
 
         Experimental data  
          Predicted results 
B/W = 1 
B/W = 0.5 
B/W = 0 
0        0.2 m/s 
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   (i) 10° behind the impeller blade (ii) 20° behind the impeller blade (iii) 30° behind the impeller blade 
(a) Predicted Velocity Field near the Impeller Blades 
 
 
   
(i) 10° behind the impeller blade (ii) 20° behind the impeller blade (iii) 30° behind the impeller blade 
(b) Predicted Gas Accumulation behind the Impeller Blades 
(Blue ≡ 0.01, Red ≥ 0.25) 
 
Figure 12: Flow Field near the Impeller Blades (Predicted results) 
Fl = 0.01, Fr = 0.242 and Utip = 1.5 m/s. 
 
